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We numerically and experimentally study the segregation dynamics in a binary mixture of mi-
croswimmers which move on a two-dimensional substrate in a static periodic triangular-like light
intensity field. The motility of the active particles is proportional to the imposed light intensity
and they possess a motility contrast, i.e., the prefactor depends on the species. In addition, the
active particles also experience a torque aligning their motion towards the direction of the nega-
tive intensity gradient. We find a segregation of active particles near the intensity minima where
typically one species is localized close to the minimum and the other one is centered around in
an outer shell. For a very strong aligning torque, there is an exact mapping onto an equilibrium
system in an effective external potential that is minimal at the intensity minima. This external
potential is similar to (height-dependent) gravity, such that one can define effective “heaviness” of
the self-propelled particles. In analogy to shaken granular matter in gravity, we define a “colloidal
Brazil nut effect” if the heavier particles are floating on top of the lighter ones. Using extensive
Brownian dynamics simulations, we identify system parameters for the active colloidal Brazil nut
effect to occur and explain it based on a generalized Archimedes’ principle within the effective equi-
librium model: heavy particles are levitated in a dense fluid of lighter particles if their effective
mass density is lower than that of the surrounding fluid. We also perform real-space experiments
on light-activated self-propelled colloidal mixtures which confirm the theoretical predictions.
I. INTRODUCTION
The physics of active colloidal matter is a rapidly
expanding research area on nonequilibrium phenom-
ena. Typically, active suspensions are composed of self-
propelled particles on the micron scale, swimming in a
fluid at low Reynolds number [1–5]. The main focus
of research has been both on the individual swimming
mechanism and on collective effects of many of such mi-
croswimmers [6]. The individual swimming speed of a
single particle, also called particle motility, is typically
of the order of microns per second and can be steered
externally by various means [7–21].
Recently, the behavior of microswimmers has been ex-
plored in externally imposed motility fields where the
swimming speed depends on the spatial coordinate [22].
This not only mimics the chemotactic escape of a living
swimming object from toxins or its attraction by nutrient
gradients [23–27], but is also important to steer the di-
rected motion of swimmers for specific applications such
as targeted drug delivery [28] and nanorobotics [29]. Var-
ious kinds of motility fields have recently been considered
including constant gradients [30, 31], stepwise profiles
[32, 33], and ratchets [34, 35], as well as time-dependent
motility fields [36–39]. In particular, the tunability of the
colloid motility by light [9–14, 40–42] provides the oppor-
tunity to impose almost arbitrary laser-optical motility
fields. When the prescribed light intensity is propor-
tional to the local motility, a particle will get dynami-
cally trapped in the dark spots where its motility is low
[32, 33, 43].
Here we explore a repulsively interacting binary mix-
ture of small self-propelled spherical colloidal particles
doped with large ones. The binary mixture of self–
propelled colloids is confined to a two-dimensional sub-
strate in a static periodic triangular-like light intensity
field. The motility of the particles is proportional to the
imposed light intensity but the prefactor depends on the
species. In line with previous experimental findings, the
light-activated particles also experience a torque align-
ing their motion towards the direction of the negative
intensity gradient, i.e., swimmers exhibit negative pho-
totaxis [35]. This strongly favors the dynamical trapping
effect near motility minima. Using Brownian dynamics
computer simulations, we find indeed a demixing of the
active particles mixture, where typically one species of
particles is close to the minimum and the other is cen-
tered around in an outer shell. In the limit of very strong
aligning torque, we demonstrate that an exact mapping
of the nonequilibrium system onto an equilibrium system
is possible. This equilibrium system involves an effective
external potential that is minimal at the intensity min-
ima. The external potential is piecewise parabolic around
the intensity minima. Therefore, it can be understood
as an external gravitational potential, where the gravity
force depends on the height. Using this analogy, one can
define an effective “heaviness” of the self-propelled parti-
cles. Thereby, there is an important link between motil-
ity fields of active colloids and equilibrium sedimentation
of passive colloids where a lot of theoretical [44–48] and
experimental knowledge [49–53] exists, see Ref. [54] for a
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2review. In analogy to shaken granular matter in gravity
[55–60] and to the sedimentation of colloidal mixtures
[61–67], we define a “colloidal Brazil nut effect” if the
heavier particles are floating on top of the lighter ones.
We identify system parameters for the colloidal Brazil
nut effect to occur and explain it based on a general-
ized Archimedes’ principle [68] within the effective equi-
librium model: heavy particles are levitated in a dense
fluid of lighter particles if their effective mass density is
lower than that of the surrounding fluid. As an aside, an-
other application of the Archimedes’ principle has been
recently applied to the lift of passive particles in an active
bath [69].
We also perform real-space tracking experiments on
light-activated colloidal mixtures. The experimental re-
sults agree quantitatively with the simulation predic-
tions.
The paper is organized as follows: in Sec. II, we intro-
duce the theoretical model, define the colloidal Brazil nut
effect, and propose a simple depletion bubble picture to
predict the basic physics. Our experiments are described
in Sec. III. Results from both theory and experiment are
presented in the subsequent Sec. IV. Finally, we conclude
in Sec. V.
II. THEORY
A. Active Brownian particle model
We consider an active Brownian particle model for a
mixture of big and small spheres moving in the two-
dimensional xy-plane at temperature T . The particles
have a diameter σα, where α = b, s (for big and small par-
ticles) is a species index. The self-propulsion speed of the
particles vα(x) depends on their position and is periodic
in the x-coordinate with a characteristic spacing lv, but
independent of the y-coordinate. Having a light motility
landscape in mind [35], we assume the same function for
both types of particles except for a different prefactor. In
detail, we assume a triangular velocity profile (see Fig.
1), for which in one period
vα(x) = 2 |x|V maxα /lv for |x| ≤ lv/2, (1)
where V maxα indicates the maximum propulsion velocity
of species α. We consider a large field with several of
such velocity grooves, which accommodates Nα particles
of species α (α = b, s). The system is considered in a
rectangular box of edge lengths Lx and Ly with peri-
odic boundary conditions in both directions. Then the
partial system densities can either be described by areal
densities ρ
(a)
α = Nα/(LxLy) or line densities per wedge
ρα = ρ
(a)
α lv.
The direction of the self-propulsion velocity defines an
internal particle orientation degree of freedom which is
described by the angle ϕ between the velocity and the
x-axis. In addition, there is a torque aligning the parti-
cle orientation along the negative gradient of the motility
field, which leads to an angular velocity ωα. Note that,
in a homogeneous motility field, where vα(x) is constant,
this angular velocity obviously vanishes. In general, fol-
lowing our modeling in previous work [35], the angular
velocity ωα (ϕ, x) also depends on the x coordinate via
ωα (ϕ, x) =
c
σα
vα(x) v
′
α(x) sin (ϕ) , (2)
where v
′
α(x) =
dvα(x)
d x denotes the velocity gradient and
c is a common prefactor. Moreover, it was shown [35]
that the magnitude of the angular velocity scales with
the inverse of the particle diameter.
The particles interact via a short-ranged repulsive
Weeks-Chandler-Andersen (WCA) pair potential [70]
uαβ(r) =
{
uLJαβ(r)− uLJαβ(Rα +Rβ) r ≤ σα+σβ2
0 r >
σα+σβ
2
(3)
where r is the interparticle distance, uLJαβ(r) =
4ε[(σαβ/r)
12 − (σαβ/r)6] is the Lennard-Jones poten-
tial and the additive repulsion diameters are σαβ =
2−7/6(σα + σβ) (α, β ∈ {s, b}). The repulsion strength
ε is fixed to 100kBT , where kBT is the (effective) ther-
mal energy.
small
big
Figure 1. Schematic view of the propulsion velocity as a
function of x/lv for the two different particle species as origi-
nating from a triangular-like light intensity field.
We describe the center-of-mass positions of the parti-
cles with
rα,k(t) =
(
xα,k(t), yα,k(t)
)
(4)
and their orientations by the unit vectors
uˆα,k =
(
cos(ϕα,k), sin(ϕα,k)
)
, (5)
where ϕα,k are the orientational angles. Here, k ∈
{1, Nα} labels the particles of the same species.
3In the active Brownian model, the equations of motion
for the translational and orientational degrees of free-
dom are coupled overdamped Langevin equations with
stochastic noise. In detail, the translational motion of
the kth particle of species α is governed by
d
dt
rα,k = vα (xα,k) uˆα,k +
1
γα
Fintα,k +
√
2
kBT
γα
ξα,k (t) .
(6)
Here, the pairwise repulsive interaction force Fintα,k is ob-
tained from
Fintα,k = −∇α,k
∑
β=b,s
Nβ∑
i=1
′
uα,β (|rβ,i − rα,k|) . (7)
The prime symbol indicates the exclusion of the self-
interaction, i.e., if β = α, then i cannot take the value
k.
The rotational motion of the kth particle of species α
is governed by
d
dt
ϕα,k (t) = ωα (ϕα,k, xα,k) +
√
2
kBT
γrα
ξϕα,k (t) . (8)
ξα,k (t) = (ξ
x
α,k(t), ξ
y
α,k(t)) and ξ
ϕ
α,k (t) describe zero–
mean Markovian white noise, with the variance
〈ξα,k (t)⊗ ξα′,k′ (t′)〉 = δ(t− t′)δαα′δkk′1 (9)
and
〈ξφα,k (t) ξφα′,k′ (t′)〉 = δ(t− t′)δαα′δkk′ , (10)
where 〈 · · · 〉 indicates a noise average, ⊗ denotes the
dyadic product, and 1 is the unit matrix. For species
α, the translational and rotational friction coefficients
are represented by γα and γ
r
α, respectively. We neglect
hydrodynamic interactions between particles [71].
For spherical particles with a hydrodynamic diameter
σα, the friction coefficients are given by γα = 3piησα and
γrα = piησ
3
α, where η is the viscosity of the medium. The
respective short-time translational and rotational diffu-
sion coefficients Dα and D
r
α are characterized by the cor-
responding friction coefficients, such that
Dα = kBT/γα (11)
and
Drα = kBT/γ
r
α. (12)
Thus, for spherical particles, Dα and D
r
α fulfill
Dα/D
r
α = σ
2
α/3 (13)
when in equilibrium (vα = 0).
In our active Brownian model, particles will localize
where the self-propulsion velocity is zero, i.e., around
x = nlv with an integer n. There are two reasons for
that: first of all, a vanishing mobility implies a larger
resting time. Consequently, even for c = 0, the probabil-
ity density of an ideal non-fluctuating particle will scale
as 1/vα(x). Fluctuations will lead to an algebraic de-
cay with distance x (when lv → ∞) [72]. Second, and
much more importantly here, for c > 0, there is an align-
ing torque that rotates the particles back such that they
travel back to the intensity minimum. The second effect
yields exponential localization of an ideal particle in the
groove as a function of x when lv →∞.
B. Effective equilibrium model
small
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Figure 2. Schematic view of the external potential applied to
the particles in the effective equilibrium model as a function
of x/lv.
In the experiments the aligning torque towards the
negative gradient of the velocity field is strong [35] rel-
ative to the rotational noise. In this limit, formally
achieved by very large prefactors c in Eq. (2), one can
neglect the stochastic term in Eq. (8). Then, for all par-
ticles, the orientation is fixed along the x-axis, such that
in one period
φα,k(xα,k) =
{
pi 0 < xα,k <
lv
2
0 − lv2 < xα,k < 0
(14)
since misalignments are quickly oriented back. This im-
plies that the self-propulsion velocity in the translational
Langevin equation (6) is directed along the x-axis and
the resulting term can be derived as a gradient from a
“potential” function. This means that the equations of
motion in this limit can be written as
d
dt
rα,k =
1
γα
(
Fextα (xα,k) + F
int
α,k
)
+
√
2
kBT
γα
ξα,k (t) ,
(15)
4where the external force Fextα (x) is a gradient of a poten-
tial energy Uα(x):
Fextα (x) = −
d
dx
Uα(x)eˆx. (16)
The equations of motion (15) describe ordinary Brown-
ian particles – with translational coordinates only – in
equilibrium and define our effective equilibrium model. In
general, in analogy to the velocity profile of the active
mixture defined via Eq. (1), Uα(x) is periodic in x with
periodicity length lv and is piecewise parabolic, see Fig.
2. In one period, it is given by
U extα (x) = −γα
∫ x
0
dx′ v(x′) = −2V maxα
γα
lv
∫ x
0
dx′ |x′|
= V maxα
γα
lv
x2 for |x| ≤ lv/2. (17)
In this equilibrium model, particles would clearly ac-
cumulate in the minimum of the potential energy, e.g.,
around x = 0, in qualitative agreement with the active
Brownian particle model.
C. Definition of the colloidal Brazil nut effect
The Brazil nut effect (BNE) is directly connected to
the space-dependent accumulation around the motility
minima in the steady state. Information about parti-
cle distributions is contained in the inhomogeneous one-
particle density profiles in the resulting steady state. For
a system homogeneous in y-direction, the corresponding
density profiles only depend on x and are lv-periodic non-
negative functions. In analogy to equilibrium systems
[73], we hence define line-density profiles
ρα(x) =
〈 Nα∑
i=1
δ(x− xα,i)
〉
. (18)
Here, the brackets 〈...〉 denote a steady state average and
become a traditional canonical average in equilibrium
(for vα(x) ≡ 0 respectively in the effective equilibrium
model).
In order to characterize the Brazil nut effect, we define
a spatial extension (or a width) hα of the line-density pro-
file in one groove by considering the normalized second
moment
hα =
√√√√√∫ lv/2−lv/2 dxx2 ρα(x)∫ lv/2
−lv/2 dx ρα(x)
. (19)
For sedimentation, this would correspond to an averaged
sedimentation height of species α.
The effective equilibrium model now helps to define
a “heaviness” of the particle species. The prefactor
γαV
max
α ∼ σαV maxα in Eq. (17) for the potential energy
corresponds to effective heaviness. Therefore, we define
that the big particles are “heavier” than the small ones
if the following condition is fulfilled:
σbV
max
b > σsV
max
s , (20)
while obviously in the opposite case the smaller particles
are heavier than the bigger ones. By definition a Brazil
nut effect occurs if the heavier particles are on top of
the lighter ones, i.e., if the height of the heavier particles
is larger than the height of the lighter particles. Clearly,
there are three possibilities for that:
1. The bigger particles are heavier than the smaller
ones, i.e., σbV
max
b > σsV
max
s . Then a BNE occurs
if hb > hs We call this situation BNE
(1). Con-
versely, if hb < hs, there is a state with the reverse
effect, which we refer to as reverse BNE(1).
2. The smaller particles are heavier than the bigger
ones, i.e., σsV
max
s > σbV
max
b . Then a BNE occurs
if hs > hb, this situation is referred to as BNE
(2).
Conversely, if hs < hb, there is a reverse BNE re-
ferred to as reverse BNE(2).
3. The special case when hs = hb is termed no BNE.
In conclusion, we have classified the system within a
scheme of five possible states: BNE(1), reverse BNE(1),
BNE(2), reverse BNE(2), and no BNE. Two of these
states correspond to a Brazil nut effect where the heavier
particles float on the lighter ones. We remark that in
the sequel, gravity in our two dimensional system is di-
rected along the x–direction (not along the conventional
y–direction). So, floating on the top means an outermost
layer along the y–direction.
D. Depletion bubble picture
We now provide a minimal theory that describes the
physics driving the colloidal BNE in terms of a gener-
alized Archimedes’ law. This approach is based on the
effective equilibrium model and was discussed in the con-
text of sedimenting colloidal mixtures in Ref. [68]. When
a big particle excludes small particles, it creates a bubble
or a cavity depleted by small particles. This “depletion”
bubble is attached to the big particle and effectively pro-
vides a buoyant force which lifts the big particle. For the
sake of simplicity, let us assume that the density field of
the small particles around the groove is piecewise con-
stant, i.e., there is a block of fluid at (areal) density ρ¯s
(see Fig. 3).
When a big particle is embedded into this active fluid
at a distance xb from the origin, it will create an encir-
cling depletion bubble of radius Rd = (σb + σs)/2 due
to the repulsive interactions. This bubble is attached
to the big particles. According to the effective equilib-
rium model one can locally apply Archimedes’ principle
5-lv/2 0 +lv/2
ρslv
0
x
d
e
n
si
ty
ρ s
(x
)
2R
d lift force
Figure 3. Schematic picture of the depletion bubble mech-
anism. Small particles are considered to be uniformly dis-
tributed in a fluid block of constant density ρ¯s. When a big
particle delves into this fluid, it will create a depletion bubble
of radius Rd = (σb +σs)/2. This will result in an equilibrium
buoyant force according to Archimedes’ principle.
such that the big particle experiences a buoyant lift force
F buoyb given by
F buoyb (xb) = piR
2
dρ¯sF
ext
s (xb), (21)
where, from Eq. (16),
F exts (xb) = −2V maxs
γs
lv
|xb| for |xb| ≤ lv/2. (22)
If the buoyant lift force dominates the inward effective
force (see Eq. (16) again), i.e., if
F extb (xb) < F
buoy
b (xb) (23)
is fulfilled, the big particles are expelled from the central
area of the grooves by the small ones. Obviously, the
dependence on xb drops out in Eq. (23), such that the
condition can be rewritten as
V maxb
V maxs
. piρ¯s(
σb + σs
2
)2
σs
σb
. (24)
Combined with our previous classification of the Brazil
nut effect, for a given particle heaviness, this ap-
proach makes explicit predictions about whether the
state BNE(1) occurs or not. However, it requires an input
for ρ¯s from simulations and is therefore not fully micro-
scopic. Moreover, this approach only works in the case
that the big particles are much more diluted than the
small ones.
We finish with two remarks: first of all, correlations
will lead to density oscillations in the density profile of
the small particles around the big one as discussed in
[74]. Second, the converse situation BNE(2), where a
heavy small particle is floating on a sea of big particles,
is also conceivable. This would result from a strongly
non-additive large radius Rd. A similar depletion bubble
picture can be established in this case by interchanging
the species indices b and s which we shall, however, not
consider further in detail. For more details to the BNE(2)
state, we refer to previous works on passive colloids [74,
75].
E. Brownian dynamics simulations
We have solved the equations of motion for the active
Brownian model and the effective equilibrium model by
using Brownian dynamics computer simulations. In de-
tail, Nb = 14 big and Ns = 2068 small particles were
simulated in a periodic square simulation box with size
Lx = Ly = 102σs, which contained 3 complete peri-
ods of the motility field, at room temperature. The
partial line densities per wedge, ρα, are thus given by
ρs = 6.76σ
−1
s and ρb = 0.046σ
−1
s . In terms of a typical
Brownian time τ = σ2s/Ds the time-step ∆t was cho-
sen to be ∆t = 10−5τ . The initial configuration was an
ideal gas and the system was equilibrated for an initial
time of about 60τ . Statistics for the density profiles was
gathered during an additional subsequent time window
of typically 200τ .
In line with the experiments, the maximum velocity of
the small particles was fixed at V maxs = 34.5σs/τ and
the prefactor c was chosen to be c = 0.6τ [35]. The
simulation results are obtained for different diameter ra-
tios, where σs has been kept fixed. For each diameter
ratio, the maximum velocity of the big particles was var-
ied from V maxb = 0.25V
max
s to V
max
b = 3V
max
s with steps
of 0.25V maxs . Then, for every value of V
max
b /V
max
s , the
occurrence of BNE or reverse BNE has been investigated.
III. EXPERIMENTS
We experimentally studied concentrated active col-
loidal mixtures with different size ratios. As small active
particles, we used silica spheres of diameter σs = 2.7 µm
half-capped with a carbon layer of thickness d = 20 nm.
We doped the active suspension with a few large ac-
tive colloids of diameters σb = 13 µm, 7.75 µm, and
4.96 µm, respectively, while keeping the diameter of small
spheres constant. The partial line densities per wedge
were approximately ρs = 2.6 µm
−1 and ρb = 0.027 µm−1
for small and big particles, which are comparable to the
line densities used in the simulation (ρs = 2.5 µm
−1 and
ρb = 0.017 µm
−1).
The colloids were suspended in a critical mixture of wa-
ter and 2,6-lutidine (lutidine mass fraction 0.286), whose
lower critical point is at Tc = 34.1
◦C. When the solution
is kept well below this value, the capped colloids perform
an entire diffusive Brownian motion. Upon laser illu-
mination (at wavelength λ=532 nm), which is only ab-
sorbed by the particle’s cap, the solvent locally demixes,
and then persistent particle motion is achieved with a
6constant swimming velocity v which linearly depends on
the incident laser intensity [9, 10]. For a given cap thick-
ness, independent of the size of the active particles, the
same linear dependence v ∝ I is observed. Since the
propulsion velocity v depends on the absorbed intensity
across the particle’s cap, the speed can be varied by the
cap thickness with the linear dependence v ∝ Id [76].
To vary the propulsion velocity in mixtures of big and
small particles, our experiments were performed with
three different carbon cap thicknesses of the big parti-
cles: d = 5 nm, 20 nm, and 30 nm. Under our exper-
imental conditions, the maximum velocity of the small
species was fixed at V maxs = 1 µm/s. For the big species,
V maxb was varied as follows: V
max
b = 0.25 µm/s, 1 µm/s,
and 1.5 µm/s. The experiments for each combination of
big and small particles were repeated between 5 and 20
times to yield good statistical averages.
Periodic triangle-like light patterns were created by a
laser line focus being scanned across the sample plane
with a frequency of 200 Hz. Synchronization of the scan-
ning motion with the input voltage of an electro-optical
modulator leads to a quasi-static illumination landscape
[35]. Particle positions and orientations were obtained by
digital video microscopy with a frame rate of 13 fps. The
particle orientation was determined directly from the op-
tical contrast due to the carbon cap [77]. To be more
precise, because of the optical contrast between the dark
carbon cap and the transparent silica, the angular coor-
dinate ϕ of the active particle can be obtained from the
vector connecting the particle center and the intensity
centroid of the particle image. The error of this detec-
tion is less than 5% as confirmed by comparison with
stuck particles whose orientation can be precisely varied
using a rotational stage.
IV. RESULTS
Figure 4 summarizes our main findings in the
(V maxb /V
max
s , σb/σs) parameter space of the motility and
size ratio of the mixture. The results are shown for (a)
the experiment, (b) the active mixture model, (c) the
effective equilibrium model, and (d) the depletion bub-
ble picture. For the considered parameter span, three
different states, namely reverse BNE(2), BNE(1), and re-
verse BNE(1), were identified (plus the trivial special case
of the no BNE state), see the legend with the different
symbols in Fig. 4(a). Remarkably, the topology of the
state diagram is the same in Figs. 4(a)–(d) and there is
a quantitative agreement between experiment and the-
ory. As compared to the active mixture model [shown in
Fig. 4(b)], the equilibrium model shows qualitative but
not full quantitative agreement. Moreover, the simple
depletion bubble pictures is in line with the equilibrium
model.
As expected, the reverse BNE(2) state is favored when
V maxb /V
max
s is small (i.e., small particles are heavier).
When both species are equally heavy, the crossover from
the reverse BNE(2) to the BNE(1) state takes place, as
expressed by the condition σbV
max
b = σsV
max
s , which is
shown as the olive green reference line in Figs. 4(a)–(d).
In the BNE(1) state, the big particles are heavier but float
on the interface. Increasing V maxb /V
max
s further leads
ultimately to the reverse BNE(1), as the big particles are
getting too heavy to be lifted by the depletion bubble
and sink to the motility minima. Hence, as the motility
asymmetry V maxb /V
max
s is increased, the state sequence
reverse BNE(2) → BNE(1) → reverse BNE(1)
is observed. This sequence is reproduced in all of our 4
approaches considered in Figs. 4(a)–(d).
Let us now comment on the comparison between the
active mixture and the equilibrium model. The widening
of the stability region of the BNE(1) state in the equilib-
rium model can be qualitatively understood in terms of
the aligning torque which is strongest in the equilibrium
model. If the aligning torque is weakened, the demixing
is expected to get weaker, favoring the standard reverse
BNE(1) case relative to the BNE(1) state. This is indeed
observed when comparing Figs. 4(b) and 4(c).
The value of V maxb /V
max
s where the threshold for the
crossover from BNE(1) to reverse BNE(1) happens, grows
monotonically with σb/σs. This can be explained qualita-
tively within the depletion bubble picture via the general-
ized Archimedes’ law. Assuming that the size σs and the
areal density ρ¯s of the small species are fixed, the number
of small particles excluded by a big one grows by increas-
ing the diameter ratio σb/σs, which results in a stronger
buoyant lift force. Based on Eq. (24), the crossover from
BNE(1) to reverse BNE(1) is roughly governed by
V maxb
V maxs
≈ pi
4
ρ¯sσ
2
s (
1
σb/σs
+ 1)2
σb
σs
. (25)
The right hand side of the above equation is an increas-
ing function in σb/σs (for σb/σs ≥ 1). This implies the
crossover from BNE(1) to reverse BNE(1) occurs at larger
V maxb /V
max
s if the diameter ratio σb/σs is increased. Note
that this consideration does not capture the situations
on the left hand side of the olive green curve in the pa-
rameter space, where the big particles are lighter than
the small ones, since the depletion bubble picture does
not hold here. Last, we remark that we never observe a
BNE(2) state for the parameters considered here. How-
ever, this state is expected to occur in principle in a
strongly non-additive binary mixture.
Simulational and experimental snapshots together
with averaged partial density and polarization profiles are
summarized in Fig. 5 for the three states reverse BNE(2),
BNE(1), and reverse BNE(1) at fixed size asymmetry and
increasing motility asymmetry V maxb /V
max
s . The associ-
ated path of parameters is marked by a light blue arrow
in Fig. 4(a). The snapshots clearly indicate whether the
big particles are floating on the layer of small particles
or are confined to the motility minima and therefore di-
rectly reveal the different states. The partial line-density
7profiles ρα(x) [defined in Eq. (18)] reveal a remarkable
quantitative agreement between experiment and simula-
tion in all three states, see Figs. 5(g)–(i). Most of the
deviations are within the statistical errors and small sys-
tematic deviations may be attributed to polydispersity
and hydrodynamic interactions which are neglected in
our model.
Finally, we show polarization profiles in Figs. 5(j)–(l).
For a one-component active system under conventional
gravity, polarization effects have been studied in theory
[78, 79] and experiments [80]. Likewise, we define the
partial polarization profiles here as
Pα(x) =
〈∑Nα
i=1 cos(ϕα,i) δ(x− xα,i)
〉
ρα(x)
. (26)
Clearly, the polarization is strongly affected by the align-
ing torque. When a particle crosses the motility mini-
mum from left to right (respectively right to left), the
torque quickly changes its orientation by 180◦. In the
ideal case of instantaneous orientational flips as embodied
in the effective equilibrium model, the polarization profile
would exhibit a sharp kink-like sign function sgn(x). A
finite torque will lead to a smearing of this sign-function,
where at the motility minima Pα(x = 0) = 0 vanishes
due to symmetry. If one particle species floats on top of
a fluid of the other species, there is a non-monotonicity
in the polarization, which is well-pronounced for the big
particles in Fig. 5(j) and for the small particles in Fig.
5(l). This peak in Pα(x) roughly corresponds to the out-
ermost particle layering and has its physical origin in
the fact that active particles near repulsive walls show
a polarization peak in general [81, 82]. Clearly, the
stronger the motility the sharper the polarization pro-
files. Again there is a very good agreement between ex-
periment and simulation, supporting earlier findings that
the used propulsion mechanism employed in our experi-
ments remains largely unaffected by the presence of other
nearby particles [41, 76].
V. CONCLUSIONS
We have presented a systematic study of demixing (or
segregation) in binary mixtures of active particles mov-
ing on a motility contrast landscape by comparing theory,
computer simulations, and experiments. Our findings are
based on the strong orientational response of the active
particles towards the local minima, which depends on
their size and velocity [35]. We have shown that the col-
loidal Brazil nut effect, well established for sedimenting
mixtures of passive colloids in the presence of gravity [68],
can also be achieved in mixtures of active colloids being
exposed to an inhomogeneous motility field. We define a
Brazil nut effect as a situation where the particles of the
heavier species are floating on the lighter ones. Thus,
“heaviness” is defined by their coupling to the motility
contrast. Within this viewpoint, we have considered dif-
ferent parameter combinations for the size and motility
asymmetry and, then, mapped out the BNE occurrence.
We remark that, while active systems consisting of one
particle species have been extensively studied in gravita-
tional fields [8, 42, 83, 84] (see also Refs. [85, 86] for
other aspects of gravity), there are no studies on dense
active mixtures under nonuniform motility fields so far.
Our theoretical approach can be flexibly applied to other
active mixtures regardless of the details of the static ex-
ternal field. This is demonstrated by mapping our active
system onto an equilibrium one with a static effective
external potential.
Our qualitative findings can also be exploited for ap-
plications. In particular, different kinds of active par-
ticles (see Refs. [87–90] for recent studies) can be sepa-
rated and sorted. This is of particular importance since
an inhomogeneous motility field (e.g. an external light
gradient) can be better controlled than gravity. More-
over, contrary to dynamical separation phenomena (e.g.
in ratchets [22]), the separation procedure proposed here
is static in the steady state, such that the uppermost
layer of floating particles can be removed more easily. Ex-
tensions to ternary mixtures are straight-forward and will
be considered in future work, where understanding such
demixing structures is a prerequisite to create novel ma-
terials through active phase separation and self-assembly.
ACKNOWLEDGMENTS
H.L. and C.B. acknowledge funding from the SPP 1726
of the Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation); C.B. by the ERC Advanced Grant
ASCIR (Grant No.693683). B.t.H. gratefully acknowl-
edges financial support through a Postdoctoral Research
Fellowship from the Deutsche Forschungsgemeinschaft –
HA 8020/1-1.
[1] P. Romanczuk, M. Ba¨r, W. Ebeling, B. Lindner, and
L. Schimansky-Geier, Eur. Phys. J. Spec. Top. 202, 1
(2012).
[2] J. Elgeti, R. G. Winkler, and G. Gompper, Rep. Prog.
Phys. 78, 056601 (2015).
[3] M. E. Cates, Rep. Prog. Phys. 75, 042601 (2012).
[4] C. Bechinger, R. Di Leonardo, H. Lo¨wen, C. Reichhardt,
G. Volpe, and G. Volpe, Rev. Mod. Phys. 88, 045006
(2016).
[5] A. Zo¨ttl and H. Stark, J. Phys.: Condens. Matter 28,
253001 (2016).
[6] G. Gompper, C. Bechinger, S. Herminghaus, R. Isele-
Holder, U. B. Kaupp, H. Lo¨wen, H. Stark, and R. G.
Winkler, Eur. Phys. J. Spec. Top. 225, 2061 (2016).
8[7] W. F. Paxton, K. C. Kistler, C. C. Olmeda, A. Sen, S. K.
St. Angelo, Y. Cao, T. E. Mallouk, P. E. Lammert, and
V. H. Crespi, J. Am. Chem. Soc. 126, 13424 (2004).
[8] J. Palacci, C. Cottin-Bizonne, C. Ybert, and L. Bocquet,
Phys. Rev. Lett. 105, 088304 (2010).
[9] G. Volpe, I. Buttinoni, D. Vogt, H.-J. Ku¨mmerer, and
C. Bechinger, Soft Matter 7, 8810 (2011).
[10] I. Buttinoni, G. Volpe, F. Ku¨mmel, G. Volpe, and
C. Bechinger, J. Phys.: Condens. Matter 24, 284129
(2012).
[11] J. Palacci, S. Sacanna, A. Vatchinsky, P. M. Chaikin,
and D. J. Pine, J. Am. Chem. Soc. 135, 15978 (2013).
[12] J. Palacci, S. Sacanna, A. Preska Steinberg, D. J. Pine,
and P. M. Chaikin, Science 339, 936 (2013).
[13] J. Palacci, S. Sacanna, S.-H. Kim, G.-R. Yi, D. J. Pine,
and P. M. Chaikin, Phil. Trans. R. Soc. A 372, 20130372
(2014).
[14] H. Moyses, J. Palacci, S. Sacanna, and D. G. Grier, Soft
Matter 12, 6357 (2016).
[15] W. Wang, L. A. Castro, M. Hoyos, and T. E. Mallouk,
ACS Nano 6, 6122 (2012).
[16] R. Dreyfus, J. Baudry, M. L. Roper, M. Fermigier, H. A.
Stone, and J. Bibette, Nature 437, 862 (2005).
[17] G. Grosjean, G. Lagubeau, A. Darras, M. Hubert,
G. Lumay, and N. Vandewalle, Sci. Rep. 5, 16035 (2015).
[18] G. Steinbach, S. Gemming, and A. Erbe, Eur. Phys. J.
E 39, 69 (2016).
[19] A. Kaiser, A. Snezhko, and I. S. Aranson, Sci. Adv. 3,
e1601469 (2017).
[20] A. Bricard, J.-B. Caussin, N. Desreumaux, O. Dauchot,
and D. Bartolo, Nature 503, 95 (2013).
[21] A. Morin, N. Desreumaux, J.-B. Caussin, and D. Bar-
tolo, Nat. Phys. 13, 63 (2017).
[22] C. J. Olson Reichhardt and C. Reichhardt, Annu. Rev.
Condens. Matter Phys. 8, 51 (2017).
[23] O. Pohl and H. Stark, Phys. Rev. Lett. 112, 238303
(2014).
[24] S. Saha, R. Golestanian, and S. Ramaswamy, Phys. Rev.
E 89, 062316 (2014).
[25] B. Liebchen, D. Marenduzzo, I. Pagonabarraga, and
M. E. Cates, Phys. Rev. Lett. 115, 258301 (2015).
[26] B. Liebchen, D. Marenduzzo, and M. E. Cates, Phys.
Rev. Lett. 118, 268001 (2017).
[27] C. Jin, C. Kru¨ger, and C. C. Maass, Proc. Natl. Acad.
Sci. USA 114, 5089 (2017).
[28] W. Gao, D. Kagan, O. S. Pak, C. Clawson, S. Cam-
puzano, E. Chuluun-Erdene, E. Shipton, E. E. Fullerton,
L. Zhang, E. Lauga, and J. Wang, Small 8, 460 (2012).
[29] Y. Hong, D. Velegol, N. Chaturvedi, and A. Sen, Phys.
Chem. Chem. Phys. 12, 1423 (2010).
[30] Y. Hong, N. M. K. Blackman, N. D. Kopp, A. Sen, and
D. Velegol, Phys. Rev. Lett. 99, 178103 (2007).
[31] P. K. Ghosh, Y. Li, F. Marchesoni, and F. Nori, Phys.
Rev. E 92, 012114 (2015).
[32] M. P. Magiera and L. Brendel, Phys. Rev. E 92, 012304
(2015).
[33] J. Grauer, H. Lo¨wen, and L. M. C. Janssen, Phys. Rev.
E 97, 022608 (2018).
[34] J. Stenhammar, R. Wittkowski, D. Marenduzzo, and
M. E. Cates, Sci. Adv. 2, e1501850 (2016).
[35] C. Lozano, B. ten Hagen, H. Lo¨wen, and C. Bechinger,
Nat. Commun. 7, 12828 (2016).
[36] A. Geiseler, P. Ha¨nggi, F. Marchesoni, C. Mulhern, and
S. Savel’ev, Phys. Rev. E 94, 012613 (2016).
[37] A. Geiseler, P. Ha¨nggi, and F. Marchesoni, Entropy 19,
97 (2017).
[38] A. Geiseler, P. Ha¨nggi, and F. Marchesoni, Sci. Rep. 7,
41884 (2017).
[39] A. Sharma and J. M. Brader, Phys. Rev. E 96, 032604
(2017).
[40] F. Ku¨mmel, B. ten Hagen, R. Wittkowski, I. Buttinoni,
R. Eichhorn, G. Volpe, H. Lo¨wen, and C. Bechinger,
Phys. Rev. Lett. 110, 198302 (2013).
[41] I. Buttinoni, J. Bialke´, F. Ku¨mmel, H. Lo¨wen,
C. Bechinger, and T. Speck, Phys. Rev. Lett. 110,
238301 (2013).
[42] B. ten Hagen, F. Ku¨mmel, R. Wittkowski, D. Takagi,
H. Lo¨wen, and C. Bechinger, Nat. Commun. 5, 4829
(2014).
[43] N. Razin, R. Voituriez, J. Elgeti, and N. S. Gov, Phys.
Rev. E 96, 052409 (2017).
[44] H. Lo¨wen, T. Horn, T. Neuhaus, and B. ten Hagen, Eur.
Phys. J. Spec. Top. 222, 2961 (2013).
[45] H. Lo¨wen, J. Phys.: Condens. Matter 10, L479 (1998).
[46] A. Torres, A. Cuetos, M. Dijkstra, and R. van Roij,
Phys. Rev. E 75, 041405 (2007).
[47] T.-Y. Wang, H.-T. Li, Y.-J. Sheng, and H.-K. Tsao, J.
Chem. Phys. 129, 204504 (2008).
[48] H. Lo¨wen and E. Allahyarov, J. Chem. Phys. 135, 134115
(2011).
[49] A. P. Philipse, Curr. Opin. Colloid Interface Sci. 2, 200
(1997).
[50] M. Ras¸a and A. P. Philipse, Nature 429, 857 (2004).
[51] R. Piazza, T. Bellini, and V. Degiorgio, Phys. Rev. Lett.
71, 4267 (1993).
[52] N. J. Lorenz, H. J. Schoepe, and T. Palberg, J. Chem.
Phys. 131, 134501 (2009).
[53] G. Brambilla, S. Buzzaccaro, R. Piazza, L. Berthier, and
L. Cipelletti, Phys. Rev. Lett. 106, 118302 (2011).
[54] R. Piazza, Rep. Prog. Phys. 77, 056602 (2014).
[55] A. P. J. Breu, H.-M. Ensner, C. A. Kruelle, and I. Re-
hberg, Phys. Rev. Lett. 90, 014302 (2003).
[56] V. Garzo´, Phys. Rev. E 78, 020301(R) (2008).
[57] S. Godoy, D. Risso, R. Soto, and P. Cordero, Phys. Rev.
E 78, 031301 (2008).
[58] C. Lozano, I. Zuriguel, A. Garcimart´ın, and T. Mullin,
Phys. Rev. Lett. 114, 178002 (2015).
[59] D. C. Hong, P. V. Quinn, and S. Luding, Phys. Rev.
Lett. 86, 3423 (2001).
[60] A. Rosato, K. J. Strandburg, F. Prinz, and R. H. Swend-
sen, Phys. Rev. Lett. 58, 1038 (1987).
[61] T. Biben and J.-P. Hansen, Mol. Phys. 80, 853 (1993).
[62] A. Esztermann and H. Lo¨wen, Europhys. Lett. 68, 120
(2004).
[63] J. Zwanikken and R. van Roij, Europhys. Lett. 71, 480
(2005).
[64] E. Spruijt and P. M. Biesheuvel, J. Phys.: Condens. Mat-
ter 26, 075101 (2014).
[65] M. Dijkstra, J. Zwanikken, and R. van Roij, J. Phys.:
Condens. Matter 18, 825 (2006).
[66] P. M. Biesheuvel and J. Lyklema, J. Phys.: Condens.
Matter 17, 6337 (2005).
[67] S.-C. Kim and Y.-S. Han, J. Mol. Liq. 208, 298 (2015).
[68] T. Kruppa, T. Neuhaus, R. Messina, and H. Lo¨wen, J.
Chem. Phys. 136, 134106 (2012).
[69] N. Razin, R. Voituriez, J. Elgeti, and N. S. Gov, Phys.
Rev. E 96, 032606 (2017).
[70] J. D. Weeks, D. Chandler, and H. C. Andersen, J. Chem.
9Phys. 54, 5237 (1971).
[71] B. Liebchen and H. Lo¨wen, arXiv:1808.07389 (2018).
[72] A. P. Solon, J. Stenhammar, R. Wittkowski, M. Kardar,
Y. Kafri, M. E. Cates, and J. Tailleur, Phys. Rev. Lett.
114, 198301 (2015).
[73] R. Evans, Adv. Phys. 28, 143 (1979).
[74] A. Parola, S. Buzzaccaro, E. Secchi, and R. Piazza, J.
Chem. Phys. 138, 114907 (2013).
[75] R. Piazza, S. Buzzaccaro, E. Secchi, and A. Parola, Soft
Matter 8, 7112 (2012).
[76] J. R. Gomez-Solano, S. Samin, C. Lozano, P. Ruedas-
Batuecas, R. van Roij, and C. Bechinger, Sci. Rep. 7,
14891 (2017).
[77] C. Lozano, J. R. Gomez-Solano, and C. Bechinger, New
J. Phys. 20, 015008 (2018).
[78] M. Enculescu and H. Stark, Phys. Rev. Lett. 107, 058301
(2011).
[79] K. Wolff, A. M. Hahn, and H. Stark, Eur. Phys. J. E
36, 43 (2013).
[80] F. Ginot, A. Solon, Y. Kafri, C. Ybert, J. Tailleur, and
C. Cottin-Bizonne, New J. Phys. 20, 115001 (2018).
[81] F. Smallenburg and H. Lo¨wen, Phys. Rev. E 92, 032304
(2015).
[82] N. Nikola, A. P. Solon, Y. Kafri, M. Kardar, J. Tailleur,
and R. Voituriez, Phys. Rev. Lett. 117, 098001 (2016).
[83] F. Ginot, I. Theurkauff, D. Levis, C. Ybert, L. Bocquet,
L. Berthier, and C. Cottin-Bizonne, Phys. Rev. X 5,
011004 (2015).
[84] A. I. Campbell, R. Wittkowski, B. ten Hagen, H. Lo¨wen,
and S. J. Ebbens, J. Chem. Phys. 147, 084905 (2017).
[85] A. Dominguez, P. Malgaretti, M. N. Popescu, and S. Di-
etrich, Soft Matter 12, 8398 (2016).
[86] F. Martinez-Pedrero, E. Navarro-Argemı´, A. Ortiz-
Ambriz, I. Pagonabarraga, and P. Tierno, Sci. Adv. 4,
1 (2018).
[87] A. Wysocki, R. G. Winkler, and G. Gompper, New J.
Phys. 18, 123030 (2016).
[88] N. Bain and D. Bartolo, Nat. Commun. 8, 15969 (2017).
[89] S. Kumari, A. S. Nunes, N. A. M. Arau´jo, and M. M.
Telo da Gama, J. Chem. Phys. 147, 174702 (2017).
[90] R. Wittmann, J. M. Brader, A. Sharma, and U. M. B.
Marconi, Phys. Rev. E 97, 012601 (2018).
10

▲
▲
■ ■ ■
■
■
◇
0
1
2
3
4
5
6
σ b
/σ
s
▲
■
◇
reverse BNE(2)
reverse BNE(1)
BNE(1)
no BNE
(a) experiment
▲
▲ ▲ ▲
▲ ▲ ▲ ▲
▲ ▲ ▲ ▲
▲ ▲ ▲ ▲
▲ ▲ ▲ ▲
▲ ▲ ▲ ▲
▲ ▲ ▲ ▲
■ ■ ■ ■ ■ ■ ■
■ ■ ■ ■
■ ■
◇
0
1
2
3
4
5
6
σ b
/σ
s
(b) active mixture
▲ ▲ ▲
▲ ▲ ▲ ▲
▲
▲ ▲ ▲ ▲
▲ ▲ ▲ ▲
▲ ▲ ▲ ▲
■ ■ ■ ■ ■ ■ ■ ■
■ ■ ■ ■ ■ ■ ■
■ ■ ■
■ ■ ■
◇
0
1
2
3
4
5
6
σ b
/σ
s
(c) equilibrium model
▲ ▲ ▲
▲ ▲ ▲ ▲
▲
▲ ▲ ▲ ▲
▲ ▲ ▲ ▲
▲ ▲ ▲ ▲
■ ■ ■ ■ ■ ■ ■ ■
■ ■ ■ ■ ■ ■ ■
■ ■ ■
■ ■ ■
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0
1
2
3
4
5
6
Vb
max/Vs
max
σ b
/σ
s
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Figure 4. Occurrence of the Brazil nut effect (BNE) in the
parameter space spanned by the motility ratio V maxb /V
max
s
and the size ratio σb/σs of the binary mixture. Results are
shown for: (a) experiment, (b) the active mixture model, (c)
the effective equilibrium model, and (d) the depletion bubble
picture. The olive green curve indicates the boundary when
F effb = F
eff
s . Data are presented for four diameter ratios:
σb/σs = 1, 1.84, 2.87, and 4.82 at fixed σs. More detailed
results are shown in the subsequent Fig. 5 for the three pa-
rameter combinations highlighted by the light blue arrow in
(a).
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Figure 5. Comparison of experiment and simulation: (a)–(c) simulation snapshots, (d)–(f) experimental snapshots, (g)–(i)
line-density profiles ρα(x) (defined via Eq. (18)), and (j)–(l) polarizations Pα(x) (introduced in Eq. (26)). The results are shown
for the reverse BNE(2) with V maxb = 0.25V
max
s (first column), the BNE
(1) state with V maxb = V
max
s (second column), and the
reverse BNE(1) with V maxb = 1.5V
max
s (third column). The size ratio is kept constant at σb/σs = 1.84. Since gravity in our 2D
system is along the x–direction, floating on the top occurs along the y–direction. The inset of (d) shows the microscope picture
of a single active particle.
